Rationale: Gene promoter hypermethylation detected in sputum assesses the extent of field cancerization and predicts lung cancer (LC) risk in ever-smokers. A rapid decline of FEV 1 is a major driver for development of airway obstruction.
Lung cancer (LC) is the leading cause of cancer-related mortality in the United States (1) , and chronic obstructive pulmonary disease (COPD) is the third leading cause of death next to cardiovascular and malignant diseases (2) . COPD is an established risk factor for LC (2, 3) . Moreover, COPD and LC share etiological factors, such as age, cigarette smoking, exposure to air pollution, and genetic susceptibility variants (2, 4, 5) .
The development of COPD and LC in ever-smokers (i.e., current and former smokers) likely requires decades of repetitive exposure of airways to cigarette smoke. Extensive field cancerization, characterized as the acquisition of genetic and epigenetic changes in oncogenes and tumor suppressor genes throughout the lung epithelium, can be detected in the lungs of smokers (6) (7) (8) . Transcriptional silencing by promoter hypermethylation affects genes involved in all aspects of normal cell function and rivals genetic changes that affect the coding sequence as a crucial trigger for neoplastic development and progression (6) . The detection of gene methylation in exfoliated lung cells present in sputum provides an assessment of the extent of field cancerization and is a validated biomarker for LC risk in smokers (6, (9) (10) (11) .
Several studies have assessed the associations between methylation of blood leukocyte DNA and lung function (12) (13) (14) . An epigenome-wide association study identified 349 CpGs whose methylation was associated with the presence and severity of COPD in members from the International COPD Genetics Network and the Boston Early-Onset COPD Study (12) . Moreover, these differentially methylated CpGs were enriched in the immune and inflammatory system pathways, responses to stress, and external stimuli, as well as wound healing and coagulation cascades. In the Normative Aging Study, methylation of the promoter of candidate genes (CRAT, F3, TLR2, IFNg, and IL6) and repetitive Alu elements was associated with lung function (13, 14) . These findings provide some evidence that COPD as a systemic disease can affect the methylome in circulating blood cells as an epigenetic readout of the aggregate inflammatory impact of advanced lung disease and smoking. To date, only one study assessed the association of DNA methylation with lung function decline. Using the Normative Aging Study, long interspersed element-1 hypomethylation was associated with a more rapid lung function decline in 301 individuals who had a second spirometry measurements collected an average of 4 years after baseline (13) . However, because of cell type-specific epigenetic regulation, DNA methylation assessed in peripheral blood cells may not reflect DNA methylation in the lungs and thus may not be an informative marker of a causal relationship between gene methylation and lung diseases. Several studies have identified gene methylation in exfoliated lung cells collected in sputum associated with different COPD subphenotypes (e.g., FEV 1 % predicted, chronic mucus hypersecretion, and airway obstruction) in the LSC (Lovelace Smokers Cohort) using cross-sectional design (5, 15) . However, no studies have evaluated the impact of gene methylation in sputum and lung function change over time.
Acceleration of age-related decline in lung function, as assessed by the FEV 1 , due to cigarette smoke is a major determinant of COPD pathogenesis. In this study, we assessed the association between the methylation status of 12 genes in sputum selected based on their association with LC and COPD subphenotypes and FEV 1 decline in 1,111 and 447 non-Hispanic white (NHW) ever-smokers from two geographically independent longitudinal cohorts (i.e., LSC and PLuSS [Pittsburgh Lung Screening Study]). Moreover, the associations between gene methylation in sputum and subsequent LC incidence and all-cause mortality were assessed in the PLuSS. Finally, the association between FEV 1 decline and risk for subsequent LC incidence was assessed in the PLuSS.
Methods

LSC
The LSC has been actively enrolling eversmokers from the Albuquerque, New Mexico metropolitan area since 2001 to conduct longitudinal studies of risk or diagnostic biomarkers for LC and other chronic pulmonary diseases. Detailed introduction of study protocols was available in references (16, 17) and supplemental material. Among the more than 2,500 LSC members enrolled to date, 1,111 NHW smokers with two or more longitudinal spirometry tests and complete methylation data for the 12 evaluated genes in baseline sputum samples were included in this study.
PLuSS
The PLuSS cohort was established in 2002 to support translational studies of the University of Pittsburgh Lung Cancer Specialized Programs of Research Excellence. Detailed introduction of study protocols is available in Reference 18 and the online supplement. Among the 3,638 PLuSS members, subjects (n = 1,151) who were in the highest tertile of LC risk on the basis of age and smoking history were enrolled in the sputum collection protocol, among whom 447 NHW smokers with two or more longitudinal spirometry tests after first sputum collection and complete methylation data for the 12 evaluated genes were included in this study.
Gene Promoter Methylation in Sputum
Twelve genes were selected for methylation analysis in cytologically adequate sputum samples on the basis of their prevalence in lung tumors (>25%), diversity of function (e.g., cell cycle, DNA repair, inflammation, apoptosis, rat sarcoma signaling and invasion), timing for inactivation during LC development when known, causality for tumor initiation (19) (20) (21) (22) , our previous
At a Glance Commentary
Scientific Knowledge on the Subject: Several studies identified associations between methylation of blood leucocyte DNA and prevalent chronic obstructive pulmonary disease, FEV 1 , or FEV 1 decline. However, because of cell type-specific epigenetic regulation, methylation assessed in leucocyte DNA may not reflect methylation in the lungs. Promoter hypermethylation of cancer-associated genes detected in sputum assesses the extent of field cancerization and is a validated risk biomarker for lung cancer (LC) in ever-smokers (i.e., current and former smokers).
What This Study Adds to the
Field: Using two geographically independent, longitudinal smoker cohorts, we identified and replicated an association between high methylation (three or more vs. zero to two genes methylated) in sputum at baseline and FEV 1 decline. Gene methylation also predicted subsequent LC incidence and all-cause mortality in a prospective setting. Smokers who developed LC had a more rapid decline of FEV 1 (by 5.2 ml/yr) before LC incidence than smokers who remained LC free. Thus, in addition to being a validated LC risk biomarker, this methylation panel may also serve as a biomarker associated with predisposition for cigarette smoke-induced accelerated aging of overall lung health in ever-smokers. studies establishing their association with risk for LC and COPD subphenotypes (e.g., FEV 1 % predicted, chronic mucus hypersecretion, and airway obstruction), and their specificity to methylation in lung epithelial cells (the 12 genes are listed in Table E1 in the online supplement) (5, 10, 15) . In addition, integrating the composite methylation index (MI) of these 12 genes detected in sputum in the LC risk assessment model provided the most optimal discrimination by improving the prediction accuracy by 15% (10, 11) . Given the low percentage (,3%) of lung epithelial cells in sputum samples, which also varied significantly between individuals, a twostage nested methylation-specific PCR that can reproducibly detect one methylated allele in a background of 10,000 unmethylated alleles was used to detect methylated alleles (9) , and methylation status for each individual gene was scored as 0 (unmethylated) or 1 (methylated). The genes and primer sequences for methylation-specific PCR are listed in our previous publication (23) . A composite MI was created that summed the number of genes methylated based on the 12 genes to assess its association with outcomes.
Statistical Analysis
First, the linear mixed effects (LME) model with a subject-specific random intercept was used to associate MI of the 12 genes with repeated measures of FEV 1 to estimate the effect of MI on FEV 1 decline by including an interaction term between time and MI in the LME model. Variable "time" is the number of years between first sputum collection and each spirometry. Fixed effects of baseline values of FEV 1 , age, sex, height, body mass index (BMI), smoking status and pack-years, and time between first sputum collection and each spirometry as a time-varying variable were included in the model. Baseline FEV 1 was included as an independent variable in this analysis to control for the interindividual difference in baseline lung function. Our analyses were confined to NHWs, because Hispanics had higher risk for gene methylation in sputum and slower FEV 1 decline than NHW individuals in the LSC (23, 24) , and NHWs are dominant (.97%) in the PLuSS cohort, although inclusion of Hispanics in the analysis did not change the results observed in NHWs in the LSC (Table E2) . Moreover, this analysis was conducted in cohort members with two or more FEV 1 measurements. Analyses were also conducted by including subjects with only one FEV 1 measurement and identified associations almost identical to those seen in subjects with two or more FEV 1 measurements (not shown).
Second, the Cox proportional hazards model was used to assess the effect of promoter methylation status of the 12 evaluated genes on LC risk and all-cause mortality in the PLuSS cohort. Finally, the LME model was used to assess whether PLuSS members with subsequent LC incidence had a more rapid FEV 1 decline before diagnosis. The first analysis was conducted in 124 cases with LC with two or more spirometry measurements collected before diagnosis and 1,068 smoker control subjects with two or more spirometry measurements without subsequent LC incidence (Table E3) , all from the PLuSS cohort. However, because PLuSS subjects with subsequent LC incidence were more often men and continuous current smokers and had higher packyears and lower FEV 1 at baseline than the subjects without (Table E3) , and these four factors were also associated with FEV 1 decline (not shown), we were concerned whether the association between FEV 1 decline and subsequent LC incidence was confounded by the uneven distribution of these four factors between the two study groups. Thus, we further used a random sampling-based approach to create 1,000 control groups, with each group having 549 subjects who were frequency matched to the 124 cases by pack-years (9.2-60 and 60-120 pack-years), and FEV 1 (0.65-2.295 and 2.295-4.41 L) collected at study entry, sex, and smoking behavior change. The ratio was specifically determined by available sample size within each subgroup that could provide the largest power for the analysis from each round of random sampling. This approach completely removed the potential confounding effects from pack-years and FEV 1 at baseline, sex, and smoking behavior change. Such random selection was conducted for 1,000 times, and for each selection, the LME model was run to assess whether PLuSS members with subsequent LC incidence had a more rapid FEV 1 decline before diagnosis. There were a total of 1,000 estimates, SEs, and P values generated from the 1,000 random samplings. On the basis of the results from 1,000 random samplings, the association with the median P value was identified and the estimate, SE, and P value from this association was used as the representative for the 1,000 associations. Directed acyclic graphs were drawn to assess the relationship among study variables and outcomes (25) , and no evidence of inappropriate adjustment of covariates was identified in all major analyses ( Figure E1 ). All statistical analyses were conducted using SAS 9.4 (SAS Institute Inc.).
Results
This study included 1,111 and 447 NHW smokers with available information on the methylation status of all 12 evaluated genes and longitudinal spirometry measurements from the LSC and PLuSS, respectively (Table 1) . Study subjects from the PLuSS were more often men and current smokers, were older, and had a higher number of pack-years, longer follow-up time, and more spirometry measurements than subjects from the LSC. Accordingly, study subjects from the PLuSS had lower spirometry measurements at baseline and greater decline rate than the LSC. The MI and individual gene methylation prevalence were comparable between the two cohorts, except for JPH3 and P16 (Tables 1 and E1 ).
Association between MI and FEV 1 Decline
We first assessed the shape of the doseresponse for the association between MI as an ordinal variable and FEV 1 decline in the LSC because of its abundant sample size. The results suggested a more heterogeneous effect; that is, the most rapid decline appears to occur when three or more genes are methylated (Table 2) . Thus, we converted MI into a binary variable (three or more vs. zero to two genes methylated) and identified that subjects with three or more genes methylated had much faster FEV 1 decline (by 5.8 6 1.4 ml/yr, P , 0.0001) than subjects with zero to two methylated genes in the LSC (Table 2 and Figure 1A ). The result on the basis of MI defined as a binary variable is further replicated in the PLuSS cohort, with three or more methylated genes associated with faster FEV 1 decline by 5.0 6 2.4 ml/yr (P = 0.035) ( Table 2 and Figure 1B) . The association between MI defined as a binary variable and FEV 1 /FVC decline was not significant in either the LSC (P = 0.93) or the PLuSS cohorts (P = 0.20) (Table E4 ).
An exploratory analysis for association between individual gene methylation and FEV 1 decline identified three genes (DAPK, GATA4, and PAX5a; all P < 0.11) associated with faster FEV 1 decline in both cohorts (Table E5) .
Promoter Methylation Predicting Subsequent LC Incidence
Among the 718 PLuSS members studied in our previous genome-wide association study (26) , 36 subjects had a subsequent LC incidence, with a median time interval between sputum collection and cancer diagnosis of 7.0 years (Table E6 ). The remaining 682 subjects were censored on the date of the most recent contact or death. Using MI as an ordinal variable in analysis, again a more heterogeneous effect is seen; that is, the highest risk for LC appears to occur when three or more genes are methylated ( Figure E2 ). We further converted MI into a binary variable (three or more vs. zero to two genes methylated), and Kaplan-Meier estimator showed that subjects with high methylation had a greater risk for subsequent LC incidence (log-rank test, P = 0.0048, Figure 2A ). In addition, having three or more methylated genes was associated with an 89% increased probability of having subsequent LC incidence (hazard ratio, 1.89; 95% confidence interval, 1.26-2.83; P = 0.0021) than having zero to two methylated genes in a Cox proportional hazards model with adjustment for age, sex, smoking status, and pack-years.
Promoter Methylation Predicting All-Cause Mortality
Because methylation of 12 genes was associated with LC risk and FEV 1 decline, two major factors associated with higher mortality in smokers (1, 2, 27) , additional analysis was conducted to assess whether gene methylation also affected mortality in the PLuSS. Among the 718 PLuSS members with methylation data (26) , 101 subjects died during follow-up, with 75.2% deaths due to smoking-related diseases (e.g., lung cancer, COPD, and cardiovascular diseases) (Table E7) . Using MI as an ordinal variable in analysis, a more heterogeneous effect is seen; that is, the highest risk for all-cause mortality appears to occur when three or more genes are methylated ( Figure  E3 ). We further converted MI into a binary variable (three or more vs. zero to two genes methylated), and Kaplan-Meier estimator showed that subjects with high methylation (three or more genes methylated) had a greater risk for death during follow-ups than subjects with zero to two genes methylated (log-rank test, P , 0.0001; Figure 2B ). The Cox proportional hazards model identified an 87% increased probability of death during follow-ups (hazard ratio, 1.87; 95% confidence interval, 1.25-2.81; P = 0.0023) in subjects with three or more methylated genes compared with zero to two methylated genes, with adjustment for age, sex, smoking status, and pack-years (Table 3) . Disease-specific mortality analysis identified significant associations of methylation status with LC mortality and non-LC mortality, although the association for methylation status with LC deaths was much stronger than that seen for non-LC deaths ( Figures  2C and 2D and Table 3 ).
Faster FEV 1 Decline as a Risk Factor for Subsequent Incident LC
Promoter methylation of cancer-associated genes detected in sputum may represent an expanding field of precancerous epigenetic changes in the aerodigestive tract of smokers; it was an intermediate biomarker for lung cancer and was associated with FEV 1 decline (6, 9-11). Moreover, lung cancer cases have higher prevalence of COPD. Thus, we hypothesized that faster FEV 1 decline may be a risk factor for subsequent LC incidence during follow-up in smokers. This analysis was only conducted in the PLuSS because of the rigorous identification and verification process of incident LC cases during follow-up (28) and was based on FEV 1 measurements collected before LC diagnosis. Among the 321 incident LC cases identified to date, 124 cases had two or more spirometry measurements collected before diagnosis (Table E3 ). The time interval between the last visit and LC incidence ranged from 0.24 to 7.28 years, with a median of 1.07 years. A total of 1,068 PLuSS members with two or more spirometry measurements without subsequent LC incidence were used as control subjects. As shown in Figure 3A and Table 4 , PLuSS subjects with subsequent LC incidence had a lower average FEV 1 (by 166.8 ml) and a more rapid FEV 1 decline (by 5.4 ml/yr) than smoker control subjects. However, because PLuSS subjects with subsequent LC incidence were more often male smokers and continuous current smokers, had higher pack-years, and had lower FEV 1 at baseline, four factors associated with FEV 1 decline compared with the subjects without, additional analyses on the basis of random sampling were conducted to minimize the confounding effects of these factors on the associations seen ( Figure 3 ). For FEV 1 , the estimate for the interaction term between time and subsequent LC incidence from the random sampling-based data analyses was 25.3 ml, with an SE of 2.5 and statistical significance of 0.037 ( Figures 3B and 3C and Table 4 ). This suggests that the annual FEV 1 decline rate in smokers with subsequent lung cancer diagnosis was 5.3 ml faster than in smokers without.
Sensitivity Analysis
Longitudinal smoking behavior was characterized based on self-reported smoking status collected at each visit or contact in both cohorts. As expected, continuous current smokers had the fastest FEV 1 decline, whereas continuous abstainers had the slowest FEV 1 decline in both cohorts ( Figure E4 ). No significant three-way interaction was identified among MI, time, and longitudinal smoking status change (all P . 0.61 for both cohorts) in the LME models, suggesting the association between MI and FEV 1 decline did not vary by longitudinal smoking status change.
Discussion
This is the first study to assess the association between promoter methylation in exfoliated lung epithelial cells and subsequent FEV 1 decline in NHW smokers.
A more rapid decline in FEV 1 was discovered in ever-smokers with three or more genes methylated than those with zero to two genes methylated in the LSC, which was further replicated in a subset of the PLuSS cohort with much higher risk for lung cancer, suggesting that the expanding field of precancerous epigenetic changes in the aerodigestive tract may be associated with acceleration of the agerelated FEV 1 decline in smokers. Because MI was not associated with pack-years in moderate and heavy smokers, the association between MI and FEV 1 decline was not caused by MI simply reflecting smoking dose. A causal relationship between acquisition of gene promoter methylation and FEV 1 decline exceeding the age-related slope in smokers may be proposed based on the following criteria. First, a temporal relationship was observed between MI measured in baseline sputum samples and FEV 1 decline assessed using spirometry measured in the follow-up visits. Removal of the first spirometry data from the outcome did not change the Figure 2 . Kaplan-Meier curve for lung cancer (LC) latency and all-cause mortality in PLuSS (Pittsburgh Lung Screening Study) smokers by methylation status. High (n = 195) and low (n = 523) methylation groups were defined as smokers with three or more or zero to two genes methylated in sputum, respectively. The high methylation group has (A) shorter latency between sputum collection and LC incidence (log-rank P = 0.0048) and (B) greater all-cause mortality (log-rank P , 0.0001). In addition, the high methylation group also has greater (C) LC mortality (log-rank P = 0.0005) and (D) non-LC mortality (log-rank P = 0.0022).
associations observed in both cohorts (not shown). Second, a dose-dependent association between MI and FEV 1 decline was identified in both cohorts. Third, the significant association between MI and FEV 1 decline was independent of baseline spirometry in both cohorts, and LSC contained very low percentage (1.5%) of subjects with severe airway obstruction, strongly indicating that this association was less likely to be confounded by severe airway obstruction. Repeated exposure of the aerodigestive tract to the carcinogens in tobacco smoke causes the development of field cancerization in the lungs of smokers that was histologically characterized as hyperplasia and dysplasia affecting the alveolar and bronchial epithelium (6, 29) . Field cancerization is driven by many important biological events of carcinogenesis, including epigenetic alterations, gene mutations, chromosome loss and rearrangement, and transcriptome changes. Genes and pathways affected by these events may together create a lung microenvironment with compromised defense capacity against cigarette smoke insults and more severe inflammatory conditions, which as drivers contribute to lung function decline and LC incidence (8, 30, 31) . Moreover, this "premalignant burden" forms the basis for how early lung cancer could be predicted, and in our case provides the signal for detection in sputum by our validated gene methylation panel. In addition to the excellent reproducibility regarding the performance of genes within this biomarker panel across six independent case-control studies (9, 10, 21, 32, 33) , the prediction of this 12-gene panel for subsequent LC risk was also replicated in a prospective setting in the PLuSS in this study.
Of the 12 genes analyzed, PAX5a methylation demonstrated the strongest and most consistent association with FEV 1 decline in the two cohorts. The PAX5 gene plays an important role in cell differentiation and embryonic development and is located on chromosome 9p13 (34) . This locus has frequent chromosomal translocations and contains two distinct promoters resulting in two alternative 59 exons (a and b) that are spliced to common coding sequences of exons 2 to 10 (35). Both of these genes are methylated in approximately 65% of adenocarcinomas and squamous cell carcinomas (36) . As a known tumor suppressor gene, ectopic expression of PAX5 in silenced LC cell lines inhibited their colony formation and cell viability, arrested the cell cycle at the G2 phase, and suppressed cell migration/invasion and tumorigenicity in nude mice (37) . Among these oncogenic mechanisms, reexpression of PAX5 increased the tissue inhibitors of metalloproteinase 2 (TIMP2) mRNA level 1 at baseline (2145.9 6 54.3, P = 0.0072) and faster FEV 1 decline slope (25.0 6 2.5, P = 0.047) were identified in PLuSS members with subsequent LC incidence (n = 124) compared with smoker control subjects (n = 1,068). (B and C) Estimates and P values were calculated for PLuSS members who were male current smokers with age of 61.95 years, height of 170.0 cm, body mass index of 28.3, and pack-years of 58.73. The distributions of (B) estimates and (C) P values for the interaction term between time and subsequent LC incidence from 1,000 random samplings were presented. A significant interaction (P , 0.05) was identified in 65% of random samplings. In addition, the association with the median P value (0.036) was identified, and the estimate for the interaction term between time and subsequent LC incidence on the basis of this random sampling was 25.2 ml, with an SE of 2.5.
and inhibited the transcription of MMP2, MMP7, and MMP9 genes, suggesting that PAX5 can inhibit tumor invasion and metastasis through modulating these tissueremodeling enzymes. The degradation of the extracellular matrix by specialized proteolytic enzymes, such as matrix metalloproteinases, has been shown to play a key pathogenic role in both emphysema and LC (2) .
The epigenetic mechanism underlying the link between COPD and LC has begun to emerge. Greater promoter methylation of CCDC37, presumably an essential regulator of ciliary motility, was identified in sputum from LC-free smokers and in tumor tissues from patients with non-small-cell LC with COPD versus those without COPD (38) . Thus, epigenetic silencing of CCDC37 in human lungs may result in the accumulation of mucus, leading to increased pulmonary inflammation and likely enhanced oxidative tissue damage, which in turn could play a role in further reducing lung function. Interestingly, CCDC37 methylation is significantly correlated with MI of the 12-gene panel in sputum (n = 206, Spearman r = 0.23, Ps = 0.0009) in the LSC, suggesting promoter methylation of genes not in the 12-gene panel may functionally contribute to the observed association because of their correlation with the 12-gene panel.
Comparison of the methylome in small airway epithelial cells from former smokers with and without airway obstruction identified three small airway biology pathways enriched for genes predominantly hypermethylated in subjects with airway obstruction, which included G proteincoupled receptor signaling, aryl hydrocarbon receptor signaling, and cAMP-mediated signaling (39) . Most importantly, cAMP-mediated signaling and G protein-coupled receptor signaling pathways are also the two most affected pathways enriched for genes whose promoters acquire hypermethylation in LC tissues using The Cancer Genome Atlas data (S. Leng and colleagues, unpublished results). Thus, these findings suggest that epigenetic silencing of genes associated with COPD may contribute to lung carcinogenesis. However, delineation of the temporal relationship between acquisition of gene promoter hypermethylation and COPD requires longitudinal follow-up of the smokers with relatively healthy lung function at study entry.
Accumulating evidence has shown that methylation profiles of CpGs in blood DNA identified as a proxy of biological aging or chronic exposure to cigarette smoke were associated with all-cause mortality and mortality attributable to cancer or cardiovascular diseases (40) (41) (42) (43) . These findings suggested that methylation in blood DNA could quantify the heritable epigenetic damage resulting from the host and environment exposure interactions and serve as a biomarker predicting all-cause mortality. The current study is the first to show that, among moderate and heavy smokers, promoter hypermethylation of cancer-associated genes in sputum could also serve as a biomarker predicting allcause mortality, with the majority (75.2%) of deaths caused by smoking-related diseases. Furthermore, disease-specific mortality analyses also suggested higher methylation associated with LC mortality and non-LC mortality.
The translational significance of this study was further strengthened by showing a more rapid decline of FEV 1 observed in smokers with subsequent LC incidence in the PLuSS. This is consistent with the facts that patients with asymptomatic lung tumors have a greater prevalence of COPD (28) and lower FEV 1 was associated with higher subsequent LC incidence in a prospective setting (3). More rapid decline in lung function has also been shown to be independently associated with a modest increased risk of hospital admissions and deaths from COPD in an elderly cohort of U.S. participants (27) .
The major strengths of this study include the use of two geographically independent prospective smoker cohorts with ample length of follow-up period assessing FEV 1 decline and assessment for methylation of a 12-gene panel that have been replicated multiple times in several independent studies in terms of their associations with LC risk. In addition, a random sampling approach was used to properly control the potential confounding effects in assessing FEV 1 decline by subsequent LC incidence. Furthermore, sensitivity analysis was conducted for assessing the association between MI and FEV 1 decline, and the results suggested that there was little likelihood of confounding due to longitudinal smoking behavior change.
The major limitation of our study is that it was conducted in NHW smokers only; thus, whether this result can be generalized to other ethnic groups with higher LC susceptibility and risk, such as Hispanics and African Americans, is unknown. Second, gene methylation was only measured in baseline sputum samples, and it is unknown whether its change over time will affect FEV 1 decline. Third, functional study is required to disentangle which gene in particular could contribute to the observed association between MI and FEV 1 decline in smokers.
In conclusion, our study provides convincing evidence that the development of field cancerization in the lungs of smokers as detected by methylation of cancer-associated genes in sputum was 
